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Electronically programmable photonic molecule
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Physical systems with discrete energy levels are ubiquitous
in nature and acre fundamental building blocks of quantum
technology. Realizing controllable artificial atom- and mole-
cule-like systems for light would enable coherent and dynamic
control of the frequency, amplitude and phase of photons™.
In this work, we demonstrate a ‘photonic molecule’ with two
distinct energy levels using coupled lithium niobate microring
resonators and control it by external microwave excitation. We
show that the frequency and phase of light can be precisely
controlled by programmed microwave signals, using concepts
of canonical two-level systems including Autler-Townes split-
ting, Stark shift, Rabi oscillation and Ramsey interference.
Through such coherent control, we show on-demand optical
storage and retrieval by reconfiguring the photonic molecule
into a bright-dark mode pair. These results of dynamic control
of light in a programmable and scalable electro-optic system
open doors to applications in microwave signal processing®,
quantum photonic gates in the frequency domain’ and explor-
ing concepts in optical computing® and topological physics®*.

Photonic analogues of condensed-matter systems have resulted
in discoveries such as photonic crystals’, parity-time symmet-
ric systems’ and topological photonic systems®’, and have led to
technologies including quantum ground-state cooling of nanome-
chanical systems'’, new classes of sensors'"'? and one-way lasers*.
A photonic analogue of a two-level system could allow full control
over the energy and phase of photons by using the concept of two-
level systems control in atomic or molecular systems, where the
state of the electron can be controlled and functionalized by exter-
nal electromagnetic fields. Such a photonic system would enable
the investigation of complex physical phenomena**’” and unique
functionalities, including on-demand photon storage and retrieval,
coherent optical frequency shift and optical quantum information
processing at room temperature”'*'*. Although it is straightforward
to realize a photonic device with discrete energy levels, for example
by using modes of an optical resonator, controlling such a system
dynamically (that is, inducing transitions between the levels) is chal-
lenging as it requires mixing of optical frequencies through strong
nonlinear processes. As a result, coherent coupling between discrete
photon energy modes has only been studied using all-optical meth-
ods'*"7 and has limited design parameter space, configurability
and scalability.

Electro-optic methods®'** are ideally suited for the dynamic
control of photonic two-level systems, since they have fast response,
can be programmed and allow for large-scale integration. To realize
coherent electro-optic control of a photonic two-level system, the
photon lifetime of each energy state needs to be much longer than

the time required to drive the system from one state to the other.
On the one hand, large optical systems with optical amplifiers* can
emulate a classical two-level system, but the quantum coherence of
the optical photons is destroyed in the process. On the other hand,
conventional integrated photonic platforms have not been able to
meet the requirements of long photon lifetime and fast modulation
simultaneously. For example, fast phase modulators™* can gener-
ate new optical frequencies, but they do not support distinct and
long-lived optical modes. On-chip resonators with ultra-high qual-
ity factors (Q) have traditionally been realized in passive materi-
als, such as silicon dioxide (SiO,)**”” and silicon nitride (Si;N,)***,
which can only be controlled electrically using slow thermal effects.
Electrically active photonic platforms'*-** based on silicon*, III-V
materials'>”’, plasmonic"’, graphene” and polymers’' allow for fast
electro-optic modulation at gigahertz frequencies, but suffer from
much shorter photon lifetimes than passive platforms. To circum-
vent this problem, out-of-plane picosecond optical pulses have been
used to induce a broadband electro-optic tuning in silicon via ultra-
fast free carriers'®". Purely electrical tuning is still highly desirable
as narrowband microwave signals could offer much better control-
lability, minimal added noise and scalability.

In this work, we overcome the existing performance trade-off
and realize a programmable photonic two-level system that can be
dynamically controlled by gigahertz microwave signals (Fig. 1a).
Specifically, we create a microwave-addressable photonic molecule
using a pair of integrated lithium niobate microring resonators,
80 pm in radius, patterned close to each other. The low optical loss®
and efficient co-integration of optical waveguides and microwave
electrodes’™” allow us to simultaneously achieve large electrical
bandwidth (>30 GHz), strong modulation efficiency (0.5 GHz V™)
and long photon lifetime (~2ns).

The photonic molecule supports a pair of well-defined optical
energy levels, which are evident from the optical transmission
measured using a tunable telecom-wavelength laser (Fig. 1c; see
Supplementary Information for full spectrum). The two optical
energy levels are formed by the evanescent coupling of light from
one resonator to another through a 500-nm gap. When the optical
coupling strength u exceeds the optical loss rate y of each cavity,
the coupling leads to a normal mode splitting resulting in a fre-
quency doublet consisting of a lower-frequency symmetric (S) and
a higher-frequency antisymmetric (AS) optical mode (Fig. 1a and
c). The S (AS) mode spatially spans both optical cavities, with the
light in the two cavities being in-phase (out-of-phase). The two new
eigenmodes, separated in frequency by 2y =2nx 7 GHz, are the two
energy levels of the photonic molecule. In our case, the two opti-
cal modes have cavity linewidths of y =2nx 96 MHz, corresponding
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Fig. 1| Microwave-controlled photonic molecule. a, The photonic molecule is realized by a pair of identical coupled optical microring resonators (resonant
frequency w,=w,). The system has two distinct energy levels—a symmetric and an antisymmetric optical mode (indicated here by blue/blue shading for
the symmetric and red/blue for the antisymmetric mode) that are spatially out of phase by &. The microwave field can interact coherently with the two-
level system through the strong Pockels effect (*?) of lithium niobate. b, False-coloured scanning electron microscope image of the coupled microring
resonators. ¢, Measured transmission spectrum of the photonic two-level system. The two optical modes are separated by 2u =2 x 7 GHz with linewidths
of y=27x96 MHz corresponding to a loaded optical quality factor of 1.9 x10°. d, The resulting transmission spectra from an applied d.c. field show an
anticrossing curve due to the finite optical coupling between the two rings, which is analogous to the d.c. Stark effect in a canonical two-level system. NT,

normalized transmission.

to a loaded quality factor of Q =1.9X10° (intrinsic quality factor
Q,=2.5%10°), thus forming a well-resolved two-level system (Fig. 1¢).

We induce photonic transitions in the two-level system using
high-frequency electro-optic phase modulation of the two modes.
The phase modulation is realized through the Pockels effect (y*)
for lithium niobate, in which the optical refractive index can be
changed by an applied electric field, with a response time on the
femtosecond scale. To enable strong overlap between microwave
and optical fields without significantly increasing the optical loss,
we place gold microelectrodes 2.5um away from the edge of the
rings that form the photonic molecule (Fig. 1b). The microwave
circuit layout is designed to induce a phase delay in one ring and
a phase advance in the other ring, therefore introducing coupling
between the spatially orthogonal S and AS modes (Fig. 1a and
Supplementary Information).

We explore the analogy between an atomic two-level system
and the photonic two-level system, and use it to demonstrate the
control of the photonic molecule. In our system, the electro-optic
effect plays the equivalent role to an electric dipole moment in an
atomic two-level system, while in both systems external electromag-
netic fields are used to couple and address their energy levels. In
the presence of an external direct-current (d.c.) electric field, the
resonance frequencies of the two rings are pulled in opposite direc-
tions. This added frequency detuning reduces the optical coupling
between the two resonators and results in the characteristic avoided
crossing curve in coupled resonator systems (Fig. 1d). The reso-
nator frequency detuning is accomplished by applying a d.c. bias
voltage in the range of +15V to the microwave electrodes. This
control is analogous to the d.c. Stark effect used in atomic systems.
The extracted tuning/modulation efficiency g=2nx0.5GHz V™' is
an order of magnitude larger than previously demonstrated in bulk
electro-optic resonator systems®**, and is due to the efficient over-
lap between microwave and optical fields enabled by our system
(see Methods).

NATURE PHOTONICS | VOL 13 | JANUARY 2019 | 36-40 | www.nature.com/naturephotonics

Next, we use a continuous-wave coherent microwave field to
control our photonic two-level system. This situation is similar to
an atomic two-level system under a strong coherent excitation, with
the important difference that in our case the number of photons that
could populate each of the two levels is not limited to one. When the
microwave frequency matches the energy difference of the two lev-
els, an effective coupling between the two initially decoupled S and
AS modes is introduced, leading to a second-order mode splitting in
the coupled ring resonators. The exact splitting frequency (£2) can be
precisely controlled up to several gigahertz by controlling the ampli-
tude of the microwave signals. This microwave-induced photonic
mode splitting is a dissipative coupling between the optical modes
in analogy to the Autler-Townes splitting (Rabi splitting) in elec-
tronic systems (Fig. 2a,b) resonantly excited with continuous-wave
light. When the microwave frequency is detuned far from the transi-
tion frequency, the microwave-induced photonic coupling becomes
weaker, and an effective dispersive effect in the level splitting domi-
nates, similar to the a.c. Stark shift in atomic systems (Fig. 2c).
Importantly, this effect can be used to control the effective coupling
strength between the energy levels of the photonic molecule, which
are otherwise determined by geometric factors.

We demonstrate that the photonic molecule can be used for uni-
tary transformation of light in the frequency domain by control-
ling the dispersive and dissipative coupling between the two optical
modes. In the context of two-level systems, such control over the
amplitude and phase is described by Rabi oscillation and Ramsey
interference (see Supplementary Information). The dynamics of the
photonic two-level system can be directly visualized through the
time evolution of the output photons. We apply a microwave field
at the mode-splitting frequency to drive dissipative optical coupling
(that is, Rabi oscillations) between the two levels of our photonic
molecule (Fig. 3), similar to Autler-Townes splitting measurements
(Fig. 2b). The observed Rabi oscillation corresponds to a rotation
along the real axis of the energy Bloch sphere (Fig. 3¢, inset) and
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Fig. 2 | Microwave-dressed photonic states. a, When the applied microwave frequency is tuned to match the mode separation, dissipative coupling leads
the two photonic levels to split into four levels. This effect is analogous to Autler-Townes splitting. When the microwave is detuned far from the photonic
mode splitting, the photonic energy levels experience a dispersive effect, leading to a shift in the photonic levels. This effect is analogous to a.c. Stark
shifts. b, Measured Autler-Townes splitting in the photonic molecule, where the splitting can be accurately controlled by the amplitude of the applied
microwave signal. ¢, Measured photonic a.c. Stark shifts for a microwave signal at 4.5 GHz.
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Fig. 3 | Coherent spectral dynamics in the photonic molecule. a,b, Measured (a) and theoretically predicted (b) coherent oscillation between the two
optical modes (Rabi oscillation) for various microwave strengths applied to the photonic two-level system. As the microwave field is turned on at t=0,
light oscillates between the two energy levels ¢, and ¢, leading to the observed signals. ¢, Rabi oscillation at 1.1GHz observed for microwave V,=11V. This
corresponds to rotation along the real axis of the Bloch sphere. Inset shows the corresponding optical intensity in mode c,. d, Oscillatory signals measured
on a photodetector when §-detuned microwave n/2 pulses are applied (photonic analogy of Ramsey interference). The first n/2 pulse prepares the light in
a superposition of the two optical modes with a precession frequency determined by 8. The second n/2 pulse with a delay T maps the light with oscillating
projections onto ¢, resulting in the measured interference fringes. The solid curve shows the calculated signal (see Supplementary Information).

indicates that light tunnels back and forth between the two optical
modes at two different optical frequencies. In other words, using the
language of nonlinear optics, the applied microwave signal drives
a sequence of resonance-enhanced sum- and difference-frequency
generation processes that result in the energy of photons being
changed several times (more than 10 in Fig. 3c) before photons are
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eventually dissipated because of the cavity photon loss (cavity life-
time ~1.6ns). To study the Rabi oscillation, we initialize the system
by coupling a continuous-wave laser into the S mode and measure
the real-time optical transmission as the microwave drive is turned
on (see Methods and Supplementary Information). We achieve a
large range of Rabi frequencies at low applied voltages (Fig. 3a),
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Fig. 4 | On-demand storage and retrieval of light using a photonic dark mode. a, The photonic molecule is programmed so that w, # w,, resulting in
localized bright and dark modes. As a result, the bright mode can be accessed from the optical waveguide, while the dark mode cannot (forbidden by
geometry). b, A microwave field applied to the system can induce an effective coupling between the bright and dark modes, indicated by the avoided
crossing in the optical transmission spectrum. ¢, Light can be deterministically stored and retrieved using the bright-dark mode pair and microwave
control. A microwave = pulse can be applied to transfer light from the bright to the dark mode. As the microwave is turned off, light is restricted from any
external waveguide coupling. After a certain desired storage time, a second microwave = pulse retrieves the light from the dark to the bright mode. y, 7,
and y,, are the lifetimes of the bright optical mode, intrinsic damping and waveguide coupling rate, respectively. d, The retrieved light from the dark mode
measured at different time delays, shown by the traces from top to bottom with a 0.5 ns delay increment. Inset: the extracted intensity of the retrieved
light shows nearly twice the lifetime of the critically coupled bright mode. The error bars show the uncertainty in the optical intensity readout. MW,

microwave; NT, normalized transmission; a.u., arbitrary units.

which is in excellent agreement with theoretical predictions (Fig. 3b
and Supplementary Information). In particular, for a peak drive
voltage of V,= 1.1V, we observe coherent Rabi oscillation with a fre-
quency of 1.1 GHz, ~16% of the initial mode splitting. Even stron-
ger driving regimes, where the Rabi frequencies are close to or even
exceed the level splitting, could be accessible in our system, enabling
the exploration of extreme conditions in which the rotating-wave
approximation completely breaks down™.

To show the control over the relative phase of the two photonic
levels in our system (that is, rotation along the imaginary axis), we
measure photonic Ramsey interference by driving optical transition
with detuned microwave pulses at 7.8 GHz that induces a dispersive
element in the optical coupling. After initializing the system in the S
mode, we apply a microwave n/2 pulse to transform the optical field
into a superposition of the two states. As the microwave is turned
off for a time period of 7, the superposition state precesses along the
equator of the Bloch sphere at a rate determined by the microwave
detuning &. After a further microwave n/2 pulse, the photons are
rotated to different energy states, determined by the delay 7, and
measured using a photodetector. The result is the ‘Ramsey inter-
ference’ shown in Fig. 3d. As the optical lifetime of the two-level
system (~1.6ns) is much shorter than the coherence time of the
laser (of the order of microseconds), the phase coherence time of
the two energy levels obtained in this measurement is dominated by
cavity dissipation, in good agreement with that obtained from the
Rabi oscillation.

We make use of the ability to perform unitary transformations
in the frequency domain to achieve on-demand photon storage
and retrieval—a critical task for optical signal processing. Although
a static resonator can be used to slow down the propagation of a
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photon, such slow-down is fundamentally limited by the frequency
bandwidth of the resonator (that is, the delay-bandwidth prod-
uct) and cannot be controlled on demand. In contrast, the use of
a dynamically modulated resonator system can overcome the con-
straint imposed by the delay-bandwidth limit, enabling new func-
tionalities such as optical buffering”. To enable controllable write
and read of light into a resonator from an external waveguide, the
optical coupling strength needs to be altered faster than the photon
lifetime in the cavity. To achieve this, we apply a large d.c. bias volt-
age (15V) to reconfigure the double-ring system into a pair of bright
and dark modes. In this limit, one of the modes is mainly localized
in the first ring (purple in Fig. 4a), and thus is still accessible to the
input optical waveguide and is optically bright, whereas the other
mode is mainly localized in the second ring (grey in Fig. 4a) and
thus is decoupled from the input optical waveguide by geometry and
becomes optically dark (see Supplementary Information for details).
Notably, optical access to the dark optical mode can be granted by
applying a microwave signal with the frequency matched to the dif-
ference between the two optical modes (Fig. 4a). The microwave
modulation results in an effective coupling between the bright
and the dark mode, which we directly observe from the avoided
crossing in the spectrum of the bright optical mode (Fig. 4b).
In our experiment, the waveguide coupling is designed to be criti-
cally coupled to a single resonator, maximizing the transmission
extinction ratio. We excite the critically coupled bright mode from
the optical waveguide, and then apply a microwave & pulse to switch
light from the bright to the dark mode (Fig. 4c). Once the micro-
wave signal is turned off, the photons are trapped in the dark mode
and become decoupled from the waveguide, leaving cavity intrin-
sic dissipation as the only photon loss mechanism. After a desired
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storage time, we apply another microwave m pulse to deterministi-
cally retrieve the photons from the dark mode back into the bright
mode and then into the optical waveguide (Fig. 4c). Tracking the
intensity of the retrieved light, we extract a dark mode lifetime of
2 ns, which is about twice the lifetime of the critically coupled bright
mode, as expected (Fig. 4d). Using an over-coupled bright optical
mode, while further improving the quality factor of the integrated
lithium niobate resonators towards its material limit (>10°), could
result in a tunable storage time of hundreds of nanoseconds (see
Supplementary Information).

Our demonstration of the coherent and dynamic control of a
two-level photonic molecule with microwave fields and on-demand
photon storage and retrieval opens a path to a new form of con-
trol over photons. These results represent the initial step towards
integrated electro-optic coherent manipulation of photonic states
and energies, and could have immediate applications in signal pro-
cessing and quantum photonics. With microwave control and the
possible integration of on-chip photonic components including
filters, routers and modulators, a new generation of photonic-elec-
tronic systems with advanced functionalities can be put in practice.
Considering the vast design parameter space of couple resonators,
dynamically controlled two-level and multi-level photonic systems
could lead to a new class of photonic technologies including topo-
logical photonics’, advanced photonic computation concepts®** and
on-chip frequency-based optical quantum systems”".
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APPENDIX S-1: DEVICE AND EXPERIMENTAL SETUP DETAILS
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FIG. S-1: Device details. a, scanning electron microscope (SEM) image of the gap between the coupled microring resonators.
b, Cross-section of the optical mode profile in the ring resonator. ¢ microscope image of the full device showing the double-ring
and microwave electrodes. d, SEM image of the array of double ring devices fabricated on a single chip.

The ring resonators of the photonic molecule have waveguide width of 1.4 pm and vary coupling gaps of ~ 700 nm.
The coupling waveguides are 800 nm wide by 600 nm thick with a rib height of 350 nm and slab height of 250 nm.
This ratio is chosen to ensure optimum electro-optic overlap while still maintaining a tight bending radius.

The high frequency microwave electrodes are designed to achieve differential driving of the two resonators. As
shown in figure S-1, the top contact pad is connected to the bottom electrodes of the left ring and the top electrodes
of the right ring (and vice versa for the bottom contact pad). Since the LN thin film is z-cut (extraordinary axis z in
plane), such configuration allows the electrical field to be in the same direction on each ring, while opposite for the two
rings. The electro-optic tuning efficiency is 0.5 GHz/V about half of the value we reported previously as we increased
the metal gap to allow minimum perturbation to the high @ optical modes [1]. We pattern 60 programmable photonic
molecules on a 10 mm by 8 mm thin film lithium niobate (LN) chip.

The optical properties of the devices are characterized using a tunable telecom laser (Santec TSL-550). The
polarization of the light is tuned to TE (in-plane of the chip) before sending into the chip with a lensed fiber. The DC
transmission is measured on a 125 MHz photodetector (New Focus 1811A) and the fast oscillation signal is measured
on a 12 GHz photodetector (New Focus 1544A) and a fast real-time oscilloscope (Tektronix MSO71604C). Figure S-3
shows the normalized transmission spectrum of the photonic molecule, showing pairs of two-level resonances separated
by the free-spectral-range of the microring resonator (~ 2.2 nm).

The microwave signals are prepared using an arbitrary waveform generator (Tektronix 70001A), which provides
synchronized signals to drive the photonic molecule as well as an external modulator and the oscilloscope. The
microwave driving signal for the photonic molecule is amplified and sent through an isolator to minimize reflection to
the amplifier. A bias-T is used to coupled DC field into the resonator for fine tuning.
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FIG. S-2: Experimental Setup. The device is optically pumped by a tunable telecom laser centered around 1630 nm. The
light is sent through an external electro-optic modulator and polarization controllers before coupling into the chip with a lensed
fiber. The output optical signal, also coupled with a lensed fiber, is sent to a 12 GHz photodetector (New focus 1811A). The
converted electrical signal is directed to an oscilloscope. The microwave control signals are generated by an arbitrary wave
generator (AWG, Tektronix 70001A) and amplified before sent on to the device. A bias T is used to allow DC control on the
microresonators. An electrical isolator is used to capture the electrical reflection from the microresonators. The oscilloscope,
device drive signals and modulator drive signals are all synchronized.
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FIG. S-3: Measured transmission spectrum. Typical normalized transmission spectra of a double-ring resonator showing
pairs of photonic two-level doublets, separated by ~ 2.2 nm of free-spectral-range.

APPENDIX S-2: DESCRIPTION OF THE PHOTONIC MOLECULE
A. System Hamiltonian

The nanophotonic two-level system under a coherent microwave drive can be described by a Hamiltonian with the
form

H= wlaJ{al + w2a;a2 + ,u(aJ{az + ala;) + Q(aJ{al — aga;)cos(wmt) (S-1)

where a; (aJ{) and as (aJ{) are the annihilation (creation) operators of the two optical modes of the respective mi-

croresonator, u is the coupling strength between the two optical resonators, 0 = gV; is the interaction strength of
microwave field to the optical resonator, determined by the coupling strength g and microwave peak amplitude Vj.
Wy, is the frequency of the microwave modulation.

B. Identical resonator: two bright modes

When the resonant frequencies of the two resonators are identical, i.e. w; = ws = wy, equation (S-1) can be
expressed as

H= w+cJ{Cl + w,CECQ + Q(CICQ + clcg)cos(wmt) (S-2)



where wy = wg =+ p, cgﬂ = %(agﬂ + agr)) and c;” = %(ag) - ag)).
To simplify the system, we apply a unitary transformation U; = eliwrelertrw_cleat) and the rotating wave approxi-

mation (RWA), we obtain

.\ Q . .
U HU{ = i(cJ{chm + crche ™) (S-3)

where the microwave detuning § = w,, — Aw and Aw is the frequency difference between ¢; and co. Eqn S-3 is
equivalent to the time independent Hamiltonian

PO} ) Q
H= icJ{cl — §c£(32 + E(CICQ + clcg) (S-4)

We obtain the following equations of motion using input-output theory from S-4,

d C1 —Z'é —’iQ C1

- = X .52 S-5

dt (62> (—zi’ zg Cy (S-5)
These equations can also be obtained from a classical treatment using coupled mode theory [2]. We provide the

second quantization description to highlight that our system in principle would also work for microwave control

of non-classical optical states such single photons, in contrast to previous classical photonic two-level systems that
requires optical amplification [3].

C. Autler-Townes Splitting and AC Stark Shifts
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FIG. S-4: Calculated optical transmission spectrum for Autler-Townes (AT) splitting and AC Stark shift a,
Colored curves: simulated AT spectrum with full mode described in eqn S-2. Gray curves: experimental data as shown in Fig.

2 in the main text. b, Colored curves: simulated AC Stark shift spectrum with full mode described in eqn S-2. Gray curves:
experimental data.

Under a continuous wave microwave modulation with frequency close to the optical two-mode splitting, each
resonance of ¢y, cy will further split into two dips with splitting frequency

W= V@) (55)

. . . . . _(—i0/2 —iQ)/2
obtained by diagonalizing the coupling matrix M = (—iQ /2 i8/2 ) from eqn S-5.

For the Autler-Townes splitting measurement data shown in Fig. 2a in the main text and simulation shown in S-4,
the microwave modulation signal is on-resonance with the optical two-mode splitting, i.e. § =0, with W = Q = ¢gV}.
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When the microwave frequency detuning to the two-mode resonances is much larger than the driving strength (i.e.
d > Q), the microwave modulation behaves as a weak perturbation. This perturbation induces a shift of the optical
energy levels. Applying the second-order perturbation theory, we have

(5 032
e %)
) (%)

In the static frame we obtain the shifted frequency:

2
Wi =wy F i
44
In the experimental measurements in Fig. 2b and S-4 we have § < 0 where the two energy levels of ¢;, co moves away
from each other. For a blue-detuned microwave drive signal, i.e. § > 0, the two energy levels will move towards to
each other.

The calculate optical transmission spectrum for the on-resonance and detuned microwave drive shows good agree-
ment with experimentally measured values (Fig. S-4). The small discrepancies in the peak locations are likely a
results from nonlinear response in the laser wavelength scans and bias drift of the double-ring system during the
measurements.

D. Optical two-level dynamics

To study the dynamics of the photonic two-level system, we consider the equations of motion S-5 with optical loss
and laser input fields. For a single tone optical input on resonance with ¢1, the equations of motion are:

Q
¢l = (—Zg — g) c1 — ’6'502 - \/’%T/Qsin (8-7)
0 .
2= (i3 3 )i = Vi B 59

where v is the total decay rate of the modes c; 2, Yex is the waveguide coupling rate to mode a; and s;, is the input
laser field. After dropping the fast rotating terms with frequency of w,,, we obtain the dynamical solution of ¢; and

C2,

c1 = cloe*%t <cos gt — i% sin V;t)
(5-9)

. — Xt
Coy = —1c1p€e 2

Q . Wt
—sin—
w 2

where c1¢9 = 7721‘?;;2 is the steady state amplitude in mode ¢; before the microwave is turned on and A is the laser

detuning. Here W = v/Q2 + 62 is the Autler-Townes splitting frequency as in eqn S-6 and is also the Rabi oscillation
frequency. The output power from the waveguide is then

Pout = |S + \/'Yexa1|2

. (S-10)
= |5 + V/7ex/2(c1 + cae™m?)|?
Substitute eqns S-9 into the expression of the output power and set § = 0, we obtain
2 w
Pouy = P |1 = o235 (Cos 2t> (S-11)
Y

where Py, = |s|? and we made the approximation to drop the fast rotating terms of ¢y at ~ 7 GHz, as we restrict
our measurement bandwidth to ~ 2 GHz. The intra-cavity field can therefore be directly calculated from the output



intensity by ¢1 = (1 —+/Pout/Pin) X ¥/27es. Therefore the real-time AC signal on the photodetector is directly related
to the intracavity field ¢;. Figure S-5 shows the full numerical solution as of equation S-2, the approximated solution
S-11 and the measured photodetector voltage.

We can also estimate the absolute photon conversion efficiency in the optical resonator. Theoretical analysis of the
experimentally characterized device shows that ~ 15% of the optical power is out-coupled after the first pi pulse. V;
= 1.1 V is assumed, as in the experiment. While the relative frequency conversion efficiency, defined as the ratio of
the power in the converted mode (AS) to the power in the pump mode (S) is close to unity, the absolute power output
is still limited by the fact that the two modes (S and AS) are undercoupled, as well as their finite cavity lifetime.
Using a critically coupled device, and driving at a higher Rabi oscillation frequency, ~ 90% absolute power outputs
from the cavity frequency can be achieved.
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FIG. S-5: Rabi oscillation, Ramsey interference and dark mode measurements a, Rabi oscillation is measured in real-
time as the microwave signal is turned on. The laser entering the cavity after the turn-on of the microwave signal is negligible
as the split optical mode is transparent at the original laser wavelength. Ramsey interference is measured by two time-delayed
microwave /2 pulses. The optical power is recorded at the end of the second pulse. For the photonic dark mode measurements,
the laser is turned off by an external electro-optic modulator for direct detection of optical powers and prevent further coupling
into the bright mode during the delay time. b, comparison of the measured photodetector voltage, the simulated transmission
of the full system and the calculated output from eqn S-11 ¢, Simulated optical power in output waveguides normalized to
input optical power for the experimentally measured device. While the frequency conversion efficiency is close to unity, i.e.
contrast between the maximum and minimum of the blue and red oscillation curves, the absolute efficiency is ~ 15%, due to
the S and AS modes are under-coupled. The optical power is normalized to the input pump power d, Critically-coupled S and
AS modes can achieve much higher conversion efficiency.

The Ramsey interference is achieved by applying two microwave /2 pulses separated by a time delay 7. Here the
microwave signal is detuned from the level-splitting by d. Using the protocol of Ramsey interference and eqn S-7, S-8
, we can get the solution after two 7/2 pulse as a function of time delay 7:

(2T +71)= e~ 3 (2T+7) g=igT

2 . ) . 5
2 (1 — eléT) — IW c10 + e_%Te_lgT |:1 — 6_57—] |: —i



)

3 i 0Q
CQ(QT + T) = 675(2T+7)671§7— |:

23 (67 = 1) =i (€7 +2) | e + BT [1 - e*ff} (<igren)  (S13)

2w

where from mode ¢;. T is the duration of the 7/2 pulse. The first terms in eqns S-12 and S-13 represent the
intra-cavity fields exist in the cavity prior to the arrival of the first 7/2 pulse. The second terms are the leakage of
the pump signal into the cavity during the delay, which contributes to a DC term. So the oscillation of the output

, 2
signal P,y = ‘3 + VYex/2(c1 + CQe’“’mt)‘ rotating at with the frequency 0 corresponds to the population of ¢; after
dropping the fast rotating terms related to cs.

E. Optical dark modes

In the case where a1 and ag are far detuned by dw >> pu, as in the photon storage and retrieval measurements, we
prefer to eliminate the coupling term ,u(aJ{ag +aq a;) by a Bogoliubov transformation. Assuming a new basis of ¢1, co
satisfying:

C1 = vag — uaq

Co = Uag + vay

Since c1, ¢y needs to satisfy the bosonic commutation relationship, we have the condition u? + v? = 1. So we set

u = cos g, v = Sing with tan @ = p/éw. Then result of this transformation gives us a Hamiltonian for ¢q, co:

H :wlc];cl + wgcg@ + Q cos(wy,t) sin 9((:16; + c{cz)

+ Q cos(wmt) cos B(ches — cley)

where w; = wg — V2 + 0w?,ws = wy + /2 + dw?. This Hamiltonian indicate that for c1,cy, the microwave

modulation has a component that induces an exchange interaction clcg + cJ{cQ and a component that induces a

frequency modulation 0202 — cJ{cl.

As for the bright mode pair case we discussed above, i.e. for a small bias u > dw, a1, as are nearly degenerate and
in ¢y, co basis,

1

1~ _ﬁ(al + a2)
1

Co = *(02 - a1)

V2

whereas in the case of a birght-dark optical mode pair, i.e. the bias voltage is high u <« dw, a1, as have a large
frequency difference and in ¢y, co basis, ¢; is composed by a large part of a; with small part of as and ¢y has large
part of as while has only small part of a;. That means:

Here the conversion term is finite and is suppressed by a factor sin § = £~ and the term € cos(wpn,t) cos 9(0502 — c];cl)
is large, meaning that ci,cy are being frequency modulated. However, Since the modulation frequency is orders of
magnitudes larger than the bandwidth of the optical modes, we can neglect this term under high-@) approximation.
The resulting Hamiltonian still has a similar form to the bright mode pairs, with a pre-factor sin @ in conversion
efficiency.
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FIG. S-6: Light storage and retrieval for low-Q bright and high-@Q dark mode The ring is excited and initialized by a
CW laser. The pump is switched off at ¢ = 0 ns. The gray curve shows the decay of the light if it is stored in the bright mode
with a load Qu = 2 x 10°. The colored curve corresponds to the light retrieved by two m pulse with various delays sequences
for a dark mode of Qq = 2 x 107.

Horc :wlcicl + wzcgq + Q cos(wnt) sin 9(clc; + cJ{cQ)

Similar to the previous section, applying RWA and input-output theory to eqn S-2 E, we obtain

Q .
¢ =(—iwy — %)cl — 15 Sinfca — \/Yex18ime L

Q )
¢y =(—iwg — %)02 — i; sinfc; — \/Yexzsine “Et

where 71,2 = Vi + Vex1,25 Yex1 = Vex cos? g, Vex2 = Vex sin? g, v; is the internal loss of each ring and ey is the external
loss of ring 1 to waveguide, and 7ez1, Yez2 are the external losses of modes c¢q, ¢o to waveguide. From these equations of
motion, we see that at large bias voltages, ve.2 — 0 and the access of mode cs to the external waveguide is effectively
controlled by the microwave drive §2. At the same time, the life time for mode ¢y becomes closer to that of the intrinsic
cavity life time. Therefore, m-pulse control sequences can be implemented as described in the main text to achieve
the on-demand photon-storage and retrieval.

The bright mode can be engineered to have a lower Q-factor while the dark mode is detuned far from the bright
optical mode. As an example, for an optimized lithium niboate integrated ring resonator with a quality factor similar
to previous reported values (Q ~ 107) [4, 5], set 0w = 30 GHz, 4 = 7 GHz so 6 = 0.23, one could achieve a tunable
delay of ~ 15 ns that is more than an order of magnitude better than storing the light in the bright mode (Fig. S-6).
For a lithium niboate microresonator that is fabricated close to its material loss limit (Q ~ 10°), one could achieve a
tunable storage time of more than 800 ns.
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Methods
Devices are fabricated on a single-crystalline thin-film lithium niobate layer
bonded to a silicon handle wafer with a 2-pm-thick thermally grown silicon
dioxide layer on top. Standard electron-beam (e-beam) lithography is used to
realize optical waveguide and microresonator patterns in hydrogen silsequioxane
e-beam resist. The patterns are then transferred into the lithium niobate layer using
argon plasma etching in a standard inductively coupled plasma reactive ion etching
tool. The etched depth is 350 nm, leaving a 250-nm lithium niobate slab behind.
The slab allows efficient electrical field penetration into the waveguide core region.
The first layer of the gold interconnects is patterned by e-beam lithography, and the
metals are deposited with e-beam evaporation methods and lift-off processes. Next,
a 1.6-pm silicon dioxide layer is deposited on top by plasma-enhanced physical
vapour deposition. Finally, metal vias and the top metal layer are realized using
standard photolithography followed by e-beam evaporation and lift-off processes®.
The light from a tunable telecom wavelength laser (SANTEC TSL510) is
launched into, and collected from, the lithium niobate waveguides by means of
a pair of lensed optical fibres. The microwave control signals are generated from
an arbitrary waveform generator (TEKTRONIX AWG70001A) before they are
sent to electrical amplifiers. Electrical circulator or isolators are used to prevent
multiple electrical reflections. For the Rabi oscillation measurements, the electric
field amplitude (c,) in the S mode is measured by interfering the light out-coupled
from the double-ring system with the pump light in the optical waveguide. The
interference produces a homodyne signal for ¢, that is sent to a 12-GHz photodiode

NATURE PHOTONICS | www.nature.com/naturephotonics

(Newport 1544A), and owing to the optical frequency difference, the rapid
interference signal between the pump light and c, can be filtered out electrically
with a low-pass filter. For the Ramsey measurements, the optical power is sampled
after the second /2 pulse using the fast photodiode. For the photon storage
measurements, the pump light is synchronously turned off with the first & pulse,
allowing direct power readout of the retrieved light and preventing pump further
leaking into the bright mode. The modulation on the pump signal is achieved by an
external electro-optic modulator synchronized with the microwave control signals.
The microwave energy consumption (Ey) for a single Rabi flop can be estimated

as Ey="%CV? ~ 101] for the condition in Fig. 3c. The power consumption for
continuous Rabi excitation (Fig. 2a) is Py=Ep£2 ~ 60 pW, where Q2 is the Rabi
frequency. In the experiment, since the microwave is generated and terminated
with standard 50-€ impedance elements, the total electrical power consumption is
24mW, where most of the power is dissipated in the load.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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